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ABSTRACT 

High-speed framing camera records are  presented f o r  Fyrex glass  

spheres impacting w i t h  porous targets  a t  veloci t ies  from 5.8 t o  7.1 

km/sec. Target porosit ies varied from approximately 43 percent f o r  

par t iculate  materials t o  70 percent f o r  a pumice and 87 percent f o r  

a macroscale model of the Hapke f a i r y  cast le  s t ructure .  

eases, fragmenteci materiai was ejected from the c ra te rs  formed by 

I n  a l l  

the impact. Mass-size dis t r ibut ions of the e jec ta  fragments are  
A ' L  L f l L 2 J - L -  

presented f o r  several of the  experiments. 

INTRODUCTION 

The fragmentation and ejection of material from the lunar sur- 

face resul t ing f romthe  impact of interplanetary bodies and par t ic les  

has been analyzed recently ( G a u l t ,  Shoemaker, and Moore, 1963) on 

the  basis of experimental studies of hypervelocity %act i n  rock 

and sand. The analysis shows that  the f lux  of fragments of a given 

IU. S. Geological Survey, Menlo Park, California 
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mass which are  ejected from the lunar surface can be expected t o  

be at l ea s t  three and probably four  orders of magnitude greater  

than the flux of the impacting bodies and par t ic les  of the same 

mass which produce the ejected fragmental material. Most of the  

fragments w i l l  be ejected fromthe lunar surface with veloci t ies  

l e s s  than the lunar escape velocity. These fragments must ulti- 

mately f a l l  back on the lunar surface and cause "secondary" impact 

events. 

The tremendous increase in the  number of impacts on the lunar 

surface caused by the  secondary events i s  s ignif icant  both t o  plans 

f o r  manned and unmanned exploration of the Moon and t o  the in te r -  

pretation of the evolutionary processes which have brought the Moon 

t o  i t s  present s t a t e .  G a u l t ,  e t  al. ( r e f .  1) suggest t h a t  a cloud 

is, with the continuous flux of interplanetary debris impacting the 

lunar surface, the  steady and repeated production of secondary frag- 

ments w i l l  r e su l t  i n  the formation of a "steady-state" cloud of 

ejected material following b a l l i s t i c  t ra jec tor ies  across the lunar 

surface. Such a cloud, which has been estimated t o  have a s p a t i a l  

density a t  the  lunar surface of from lo5 t o  lo7 times tha t  f o r  the  

interplanetary bodies and particles,  would pose a hos t i le  environ- 

ment f o r  lunar probes and vehicles. Fortunately, the hazard of 

a -  

catastrophic punctures i n  vehicles from secondary impacts i s  low,  

perhaps almost n i l ,  because of the  re la t ive ly  low energies of most 

of the  individual fragments. 
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It i s  of more immediate significance t o  the Lunar Surface Mate- 

r i a l s  Conference! however, tha t  the resu l t s  of the impact studies 

support a model f o r  the lunar surface which i s  composed of a mixed 

rubble of unsorted rock fragments ranging i n  s ize  from large blocks 

t o  submicron-sized par t ic les .  Moreover, i n  view of the higher flux 

ra tes  f o r  the smallest par t ic les  of interplanetary debris and cra- 

t e r  ejecta,  it seems reasonable t o  infer  t ha t  the surface rubble 

has been and i s  being continually abraded t o  finer s i z e s .  

geological t i m e ,  therefore, small voids and cracks may have grad- 

ual ly  f i l l e d  with pulverized rock and, i n  addition, a mantle of 

f i n e  par t ic les  may have spread over the en t i re  lunar surface. 

Over 

Whether o r  not the individual grains i n  a dust-l ike mantle w i l l  

assume an orientation similar t o  t he  f a i r y  cast le  s t ructure  described 

by Iiapire (i963j i s  probiematicai, but cer ta inly the abrasive action 

by interplanetary debris and secondary par t ic les  is a mechanism f o r  

providing the basic ingredients f o r  a porous or  dendroidal material 

Ocp i~nrt.n_n_t. q 1 i p s t . i ~ ~  i m e d i ~ l t p l y  a r i ses  1 i innr  si_Lrface 

therefore, i n  regard t o  the va l id i ty  of the analyt ical  resu l t s  and 

interpretat ions based on the study of impact i n  a so l id  rock (basa l t ) .  

For a preliminary answer t o  t h i s  question, G a u l t ,  e t  al., present 

results f o r  c ra te rs  formed in a weakly bonded quartz sand (35-  t o  

@-percent porosity) and conclude tha t  the resu l t s  derived from 

impact in so l id  rock f o r  the flux of secondary fragments are  conser- 

vat ive.  However, McCracken and Dubin (1963) argue tha t  extremely 

porous structures with porosities near 90 percent w i l l  e f fect ively 
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swallow up an impacting par t ic le  and preclude the  formation of sec- 

ondary i'ragments. 

would grea t ly  attenuate any cloud of fragments flying above the  sur- 

face and, at the same time, reduce the  erosion r a t e  of rubble and 

the r a t e  a t  which a mantle of f ine material would build up on the  

lunar surface. 

Such an inhibiting effect by a porzcs EE&~QE 

Clearly, the  differences in the phenomenon of impact i n  so l id  

and porous materials must be c la r i f ied  before a r e a l i s t i c  assess- 

ment can be made of t he  effects  of impact on the lunar environment 

and surface. 

note has been prepared on t h e  basis of the  currently available 

resu l t s  from studies of hypervelocity impact i n  porous media. 

major f ract ion of the resu l t s  presented herein are  photographic 

records of t he  impacts of 1 /8- in~h (3.18 rmn) diameter Pyrex glass  

spheres in to  ta rge ts  composed of par t icu la te  (sand) material (43- 

t o  47-percent porosity), a pumice (70-percent porosity), and a macro- 

scale model of the f a i r y  cast le  s t ructure2 (87-percent porosity). 

It is toward such a c la r i f ica t ion  tha t  the present 

The 

The impact veloci t ies  varied from 5.8 t o  7.1 km/sec. Mass-size d is -  

t r ibu t ions  of the fragments ejected during c ra te r  formation are  ' 

presented f o r  several of the target  media. 

ZThe authors are  indebted t o  T. P. Meloy, Allis-Chalmers Manu- 
facturing Company, Milwaukee, Wisconsin, f o r  furnishing the macro- 
scale  model of t he  f a i r y  castle structure f o r  these tests. 
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P H O T O G W I C  FEL?OHDS 

Framing Camera Records 

Selected frames from high-speed motion picture records of 

seven impact events i n  porous media are  shown in figures 1 through 

7. A summary of pertinent data on the  experimental conditions for 

each impact are  included in the accompanying tab le .  
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The f i rs t  three figures present fecords obtained a t  a nominal 

frmirig rzte sf InS f r m e s / s e c  t.n i l l u s t r a t e  the eJection of frag- 

ments during the ea r l i e s t  stages of impact i n  porous materials. 

The remaining figures, resu l t s  f o r  framing r a t e s  of 7 t o  7.5X1O3 

frames/sec, i l l u s t r a t e  en t i re  cratering sequences and show, i n  par- 

t i cu la r ,  the l a t e  stages of the cratering process during which most 

of the ejecta  i s  thrown out of a crater .  Figures 4, 5 ,  and 6 demon- 

s t ra te ,  moreover, the effects  of oblique impact and, t o  some extent, 

the effect  of target  strength on the c ra te r  dimensions and mass of 

material excavated by the impacts. 

These photographic records a re  s ignif icant  i n  several respects, 

foremost of which is  the graphic proof they provide tha t  fragments 

can be ejected from a var ie ty  of porous ta rge ts  including the  macro- 

scale f a i r y  cas t le  structure.  The impacts shown i n  figures 1, 4, >, 
6, and 7 are especially notable since the grain s izes  and pore spaces 

of the ta rge ts  a re  equal t o  or ,  for  the  f a i r y  cast le ,  considerably 

g iya te r  t h a i  the fihyecsiafis ~f the  pr=Jec t i le .  J\-ltk?~iah the  pxn+r- r-- 

imental conditions are  different  from those previously reported by 

Gault, e t  al. (1963) for basal t  and 0.3-m sand, the ejection of 

fragmental material would seem t o  be re la t ive ly  unaffected. 

discussion of t h i s  point w i l l  be made l a t e r .  

Further 

I n  addition t o  the  sal ient  observation tha t  material was 

ejected from a l l  the  impact craters, f i ve  specif ic  observations 

noted i n  the  photographic records a re  worthy of mention here: 
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1. The phenomenon of je t t ing  which contributes t o  the ejec- 

t i on  of ultra high-speed material from the point of impact ( G a u l t ,  

e t  al., 1963; G a u l t  and Heitowit, 1963) i s  inhibited, but not 

eliminated, with porous media. Although probably not discernible 

i n  the f igure reproductions accompanying t h i s  paper, the  or iginal  

negatives and f i r s t  generation pr ints  of the records reveal t ha t  

some je t t ingoccurred  with pumice and the 0.2-mm grain sand ta rge ts  

( f igs .  2 and 3, respectively). 

uating ejection veloci t ies  associated with the je t t ing,  but subse- 

quent t o  the  j e t t i ng  process, ejection veloci t ies  between 2 and 3 

km/sec are  evident. 

produced by impact i n  the 3-mm grain material ( f ig .  1). 

therefore, t h a t  even with a porous surface, impact on the moon w i l l  

i n j e c t  some material in to  cislunar and interplanetary space. 

The records are  inadequate f o r  eval- 

Similar veloci t ies  occurred for the  e jec ta  

It appears, 

2. I n  contrast t o  the relat ively symmetrical r ad ia l  d i s t r i -  

bution of the  e jec ta  f i rs t  emanating fromthe embryonic craters  

formed i n  basalt  and the  0.3-mm sand reported by Gault, e t  al. (1963), 

impact i n  par t iculate  materials with grains the same s ize  as the pro- 

j e c t i l e  resu l t s  i n  an i n i t i a l  ejection process i n  which filaments of 

fragments are squirted upward i n  random directions ( f ig .  1). 

over, the ejection of these i n i t i a l  fragments seem t o  be delayed f o r  

5 or 6 microseconds a f t e r  the project i le  contacts the face of the 

t a rge t  material. 

i s  that some in i t ia l  compression and closure of the  ta rge t  pore 

spaces takes place immediately below the project i le .  

More- 

A preliminary explanation f o r  these observations 

The subsequent 
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ejection i s  delayed by t h i s  compression, but eventually material 

f i l t e r s  upward through par t ia l ly  closed pores i n  a random pattern.  

During the l a t e r  stages of the crater  formation, however, symmetry 

i s  established when the  major f ract ion of t he  fragments i s  ejected. 

3 .  Impact at  oblique angles produces spray patterns which, 

except f o r  je t t ing,  are  essent ia l ly  symmetrical about an axis 

normal t o  the face of the target. 

s i s t en t ly  f o r  a l l  impact events i n  so l id  and porous media and i s  

c lear ly  evident i n  figures 4, 5 ,  and 6. Such a resu l t  together 

with the  observations noted in the preceding paragraph strongly 

suggests that, with the exception of t he  high-velocity component 

of the e jec ta  (most of which probably escapes the  lunar gravita- 

t i ona l  f i e l d ) ,  material thrown out of impact craters  should be 

symmetrically disposed around the point of impact regardless of 

the  obliquity of the impact angle. 

This has been observed con- 

4. Comparison between figures 5 and 6 provides some. insight 

i n t o  the  e f fec ts  of ta rge t  strengths on the f i n a l  dimensions of a 

crater .  Although no measurements of t he  c ra te r  dimensions are  pos- 

s ib l e  f o r  t he  unbonded material because of post-shot slumping ( a  

r e su l t  of t i l t i n g  the target  t o  angles j u s t  l e s s  than the angle of 

repose of the material), it appears t h a t  the cra te rs  formed i n  t h e  

bonded sand t a rge t  (compressive strength approximately lo7 t o  lo8 

dynes/&) are two t o  three times smaller than craters  i n  the  

unbonded targets .  

mass occurs f o r  the unbonded material is subject t o  future 

Whether or  not a proportionate increase i n  ejected 
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determination. The current results suggest t ha t  if the lunar surface 

i s  mantled with similar loose or weakly bonded par t iculate  material, 

the  estimates by Gault, e t  al., f o r  the  f lux of secondary fragments 

a re  conservative when based on resul ts  of impacts i n  so l id  rock. 

5 .  The photographic records taken a t  the  lowest framing r a t e  

were recorded on color f i lm  and reveal i n  a l l  cases that sml l  

intensely luminous b i t s  of material are  ejected from the craters .  

This material i s  presumed t o  be fused products of the  impacts, an 

interpretat ion which i s  supported by the f a c t  t h a t  fused material 

has been consistently ident i f ied during post-shot examination of the 

ejecta .  For the par t icular  case of the  f a i r y  cas t le  impact, some of 

t he  incandescent spots were driven downward in to  the  open pore spaces 

of the s t ructure  as well as up and outward i n  a manner similar t o  

the  events observed f o r  iiie iiiai-e dense m&h. Fgr =ar t ic les  strik- 

ing the lunar surface w i t h  f u l l  cosmic impact veloci t ies ,  some 

vaporization of material should take place. 

spzc-iLate thzt  the conhination of vapor and melt driven in to  the 

Thus, it i s  tempting t o  

substrata of such structures could provide a binding agent which, 

when combined with compaction result ing from multiple impacts, could 

produce a somewhat porous but cohesive material having some physical 

strength.  
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Target and Crater Records 

l -  

Photographs of the  resultant craters  i n  the 3-m grain, pumice, 

and 0.5-m grain target  materials are  presented as f igures  8, 9, 

and 10, respectively. The craters i n  the  bonded sands a re  s ign i f i -  

cantly larger  and have a different shape than the c ra te r  i n  pumice. 

The craters  i n  the bonded par t iculate  material are  gene rd ly  

Although bowl shaped with poorly defined circumferential limits. 

not appropriate t o  the craters  shown i n  the photographs, a lens 

of f ine ly  crushed rock flour has been observed t o  remain i n  the 

bottom of c ra te rs  formed under similar conditions. 

In  marked contrast, the crater i n  the pumice is  a bot t le  shaped 

cavity with a s l i gh t ly  larger  subsurface diameter than the  apparent 

diameter showing on the face of the  t a rge t .  The in t e r io r  of the 

cavity and especially the bottom half i s  covered with f ine  f lou r  

and some fused material. 

t i c u l a t e  media are probably at t r ibutable  t o  iiici-eased porosltj;, 

greater  strength, and the cel lular  s t ructure  of the pumice. 

The differences from the craters  i n  par- 

%e macroscale model of the f a i r y  cas t le  structure provided t o  

the  authors by T. P. Meloy i s  shown i n  figures 11 and 12 under two 

angles of illumination t o  i l l u s t r a t e  i t s  ref lect ive properties. 

f igure 11, the l i gh t  source is  placed behind the camera, and i n  f i g -  

ure 12, the axis of the l i gh t  source i s  displaced approximately 90' 

from the opt ical  axis of t h e  camera. The pronounced backscattering 

character is t ics  of the structure noted by Hapke (1963) i s  readi ly  

apparent. 

In 
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The post-shot remains of the  f a i r y  cas t le  ta rge t  are  shown i n  

figures 13 and 14. 

even when consideration i s  made for  "edge" e f fec ts  of the small 

target  and the two large clusters of grains which appear t o  have 

been broken loose from the target  and then tumbled from the ta rge t  

as a r e su l t  of the gravi ta t ional  forces at the completion of the  

event ( f ig .  13).  A general view of the ta rge t  i n  the  ejecta- 

collector tank ( f ig .  14) shows the large number of individual 

grains which were disaggregated by the impact. 

be made f o r  the  s ize  of the ''crater" produced i n  t h i s  structure.  

The extent of the damage i s  somewhat surprising 

No estimate can 

EJECTA MASS-SIZE DISTRIBUTIONS 

A s  i n  the previous studies of hypervelocity impact i n  rock 

reported by G a u l t ,  e t  al., ejecta f romthe  c ra te rs  formed i n  the 

porous ta rge ts  have been collected t o  ascertain the mass-size d is -  

t r ibu t ion  of t he  fragments. 

i n  progress and data are available f o r  only three events. 

r e su l t s  are  presented as figures 15, 16, and 17 for,  respectively, 

t he  e jec ta  produced by impact i n  a bonded 3-m grain material simi- 

lar t o  t h a t  shown i n  figures 1 and 4, the  impact i n  pumice shown i n  

f igure  2, and the  impact i n  0.5-mm grain sand shown in  figure 3. 

These s ize  dis t r ibut ions are presented i n  logarithmic form as his to-  

grams of the f rac t iona l  contribution from each s ize  class and i n  terms 

Reduction of these data is  currently 

These 

of the cumulative mass of fragments f i n e r  than a given fragment s ize .  

It should be noted tha t  t he  dis t r ibut ion shown i n  figure 15 has been 
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distor ted i n  the fragment s ize  classes equal t o  and larger  than the  

liijdiid. graia s ize  ~f t h e  twget .  Tkle d-istortion w a s  caused by the 

addition of considerable material which, inadvertently l e f t  unbonded 

during fabrication of the target ,  sloughed out of the  t a rge t  area 

after the cratering process was completed. Since t h i s  sloughed material 

would consist primarily of the nominal 3-mm grains and, perhaps, some 

clusters  of grains, an estimated dis t r ibut ion f o r  the event i s  shown 

t h a t  i s  consistent with the t o t a l  mss ejected from other craters  t ha t  

did not slough under similar conditions, but for which s ize  dis t r ibu-  

t i ons  are  unavailable. 

The s ize  dis t r ibut ions f o r  the e jec ta  f romthe  bonded sand tar-  

ge t s  show similar trends. Most of the  ejecta  f romthe  craters  con- 

s is t  of disaggregated grains mixed with some p a r t i a l l y  disaggregated tar- 

ge t  material. 

order of 10 percent, t ha t  evidences any fractur ing or crushing of 

the  or iginal  granular material. The slopes of the  cumulative s ize  

dis t r ibut ions betweexi r i c i - a a  md the  nzx&xl g r a k  s ize  f o r  the 

two ta rge ts  are  0.5 and 0.35 for,  respectively, the  3-mm and 0.5-mm 

sand. 

reported by Gault, e t  al., f o r  the fragments la rger  than 40 microns 

from craters  i n  basalt (0.3 t o  0.6). 

t h e  cumulative dis t r ibut ion pers i s t s  in to  the smaller fragment 

sizes.  

of the  s ize  dis t r ibut ions increase with decreasing fragment s ize  

and appear t o  be approaching a cut-off s ize  f o r  fragments with dimen- 

sions somewhat smaller than 0.1micron. 

It i s  only a small f rac t ion  of the ejected mass, tile 

These values are  remarkably similar t o  those previously 

Moreover, the s imi la r i ty  i n  

For fragments f i n e r  than approximately 40 microns, the slopes 
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The s i z e  dis t r ibut ion f o r  the pumice ejecta,  however, exhibits 

a trend which i s  unique i n  comparison t o  those f o r  sol id  rock and 

par t iculate  material. The l a t t e r  have the  bulk  of the e j ec t a  mass 

concentrated in the  la rges t  s ize  classes, whereas most of t he  mass 

of pumice fragments is  concentrated i n  the  intermediate s izes  between 

the  largest  and smallest fragment dimnsions - between approximately 

100 and 200 microns f o r  the  data shown i n  f igure 16 

cumulative curve, therefore, i s  no longer l i nea r  f o r  the logari th-  

mic presentation and instead yields a dis t r ibut ion i n  which the  

slope increases monotonically from a value of about 0.1 with 

decreasing fragment size. 

4 0  microns is  unavailable a t  present, but presumably it w i l l  be sim- 

ilar, as indicated in figure 14, t o  the dis t r ibut ions f o r  sol id  and 

par t iculate  targets .  

The pumice 

Data f o r  the pumice fragments f i n e r  than 

The t o t a l  mass ejected from the  par t iculate  ta rge ts  f o r  the 

experimental impact veloci t ies  of approximately 6 W s e c  i s  indi-  

cated i n  figures 15 and 1 7  t o  be lo3 times the mass of t h e  Pyrex 

project i les .  This value f o r  the ejected mass, i n  agreement with 

the  e a r l i e r  results reported by G a u l t ,  e t  al., f o r  aluminum impacts 

i n t o  a weakly bonded 0.3-m sand, i s  approximately three times the  

mass thrown out of basal t  craters .  

I n  marked contrast, however, the  mass ejected f romthe  pumice 

c ra te r  i s  more than an order of magnitude smaller - o n l y  40 times 

the mass of t he  Pyrex project i le  ( f i g .  16) .  Clearly, impact i n  a 
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highly porous material with considerable physical strength, such as 

the  p d c e  e q l q - e d  fo r  t h i s  s k & y ,  i ~ i . i h i t s  the f n m t i o v  of sec- 

ondary fragments. Whether porosity o r  strength i s  the  major fac tor  

controlling the  t o t a l  ejected mass remains t o  be determined, but it 

is worth noting here that, based on the  photographic records, the  

increased porosity of the f a i ry  cas t le  s t ructure  does not appear t o  

decrease the formation of secondary fragments. 

realized that the mass of each individual grain of the  macroscale 

f a i r y  cas t le  s t ructure  i s  fromfour t o  eight times the mass of the  

Pyrex project i le ,  the  photographic records, i n  l i e u  of more rigor- 

ous c r i t e r i a ,  provide evidence tha t  t he  t o t a l  mass ejected from the  

"crater" i n  the f a i r y  cas t le  target exceeds the mass thrown out of 

t h e  pumice ta rge t .  

t h a t  strength is the  most important parameter controlling the ejec- 

t i o n  of makerial from cra te rs  formed i n  porous media. 

ence i n  c ra te r  dimensions noted before between the bonded and 

unbonded 3-mm g r a h  targets  supports such a apecdatfon. 

Moreover, when it is 

This l i n e  of reasoning leads one t o  speculate 

The d i f fe r -  

The experimental r e su l t s  presented demonstrate that the ejection 

of appreciable mass of fragmented debris from an impact c ra te r  i s  

not unique t o  so l id  or low-porosity ta rge t  materials. The r e su l t s  

of the  impact in to  the  macroscale model of the f a i r y  cast le  s t ruc-  

t u re  are believed t o  be of particular significance since fragments 

were ejected under conditions f o r  which t h e  pro jec t i le  was small 



- 16 - 
with respect t o  the grain and pore s ize  of t he  s t ructure .  

inference, the  impact of microparticles of interplanetary debris can 

!Thus, by 

be effective i n  ejecting material from a similar porous material on 

the  1- surface in to  b a l l i s t i c  t r a j ec to r i e s  across the  surface of 

t he  Moon. On the  other hand, the effectiveness of the  impacting 

interplanetary debris may be inhibited t o  some extent if the surface 

consists of a strong vesicular material similar t o  pumice. 

apparent that the experimental resu l t s  obtained t o  date f o r  the 

impact of Pyrex spheres in to  various porous ta rge ts  consti tutes 

strong, although not incontrovertible, evidence i n  support of the  

hy-pothesis of a "steady-state" cloud of fragments f l y i n g  across 

the  lunar surface. 

It i s  
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Figure 1.- Selected frames from a high-speed photographic record of a 

1/8 inch (3.18 m) diameter Pyrex sphere impacting a bonded par t ic-  

u la te  ta rge t  composed of nominal 3-mm quartz grains; impact velocity, 

3.8 km/sec; framing rate ,  1.06~~0~ per second; Po (normal) impact 

angle; numerical values indicate time i n  microseconds a f t e r  impact. 

Figure 2.- Selected frames from a high-speed photographic record of a 

1/8 inch (3.18 mm) diameter Pyrex sphere impacting a pumice target ;  

impact velocity, 6.3 Irm/sec; framing rate,  1.09XL06 per second; 

9 0  (normal) impact angle; numerical values indicate time i n  micro- 

seconds after impact. 

Figure 3.- Selected frames from a high-speed photographic record of a 

1/8 inch (3.18 mm) dinmeter Pyrex sphere impacting a bonded par t ic -  

u la te  ta rge t  composed of nominal 0.8-rnm quartz grains; impact veloc- 

i t y ,  6.2 km/sec; framing rate,  O.g>XIOs per second; 90' (normal) 

impact angle; numerical values indicate time i n  microseconds a f t e r  

impact. 

Figure 4.- Selected frames from a high-speed photographic record of a 

1/8 inch (3.18 mm) diameter Pyrex sphere impacting a bonded par t ic -  

u la te  ta rge t  composed of nominal 3-mm quartz grains; impact velocity, 

6.1 km/sec; framing rate,  7.1X1O3 per second; 90' (normal) impact 

angle; numerical values indicate time i n  milliseconds a f t e r  impact. 
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Figure 5.- Selected frames from a high-speed photographic record of a 

1/8 inch (3.18 m) diameter Pyrex sphere impacting a bonded par t ic-  

u la te  ta rge t  composed of naminal 3-mm quartz grains; impact velocity, 

6.3 km/sec; framing rate,  7.2xL03 per second; 45' impact angle; 

numerical values indicate time in  milliseconds a f t e r  impact. 

Figure 6.- Selected frames from a high-speed photographic record of a 

1/8 inch (3.18 mm) diameter Pyrex sphere impacting an unbanded par- 

t i cu l a t e  ta rge t  composed of nominal 3-mm quartz grains; impact 

velocity, 6.7 km/sec; framing ra te ,  7.3X103 per second; 30' angle 

of impact; numerical values indicate time in milliseconds a f t e r  

impact. 

Figure 7.- Selected frames from a high-speed photographic record of a 

i j S  inch (3.;8 x i )  iiimeter ~ T P X  sphere impacting a macroscale 

model of the f a i r y  cast le  structure composed of nominal 8-mm quartz 

grains; impact velocity, 7.1 km/sec; framing rate,  7.5XL03 per sec- 

md; 9'  norma^.) impact angle; numerical values indicate t i m e  i n  

milliseconds a f t e r  impact. 

Figure 8.- Crater formed in the 3 mm (nominal) grain target  by the 

impact of a 1/8 inch (3.18 m) diameter Pyrex sphere similar t o  

the  one displayed on the target;  impact velocity, 5.8 km/sec. 

Figure 9.- The cra te r  formed i n  the  pumice ta rge t  by the impact of a 

1/8 inch (3.18 mm) diameter Pyrex sphere similar t o  the one d is -  

played on the  target;  impact velocity, 6.3 km/sec. 
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Figure 10.- The c ra te r  formed in the 0.5 mm (nominal) grain target  by 

the  impact of a 1/8 inch (3.18 mm) diameter Pyrex sphere similar t o  

the  one displayed on the  target;  impact velocity, 6.2 km/sec. 

Figure 11.- Photograph of the  macroscale model of the f a i r y  cas t le  

structure with the illumination d i rec t ly  behind the camera. 

Figure 12.- Photograph of t he  macroscale model of the f a i r y  cast le  

structure with the  axis of the l i g h t  source displaced 90' from 

the  opt ical  axis of the camera. 

Figure 13.- Post-shot view of the macroscale model of the  f a i r y  cas t le  

structure a f t e r  the impact of a 1/8 inch (3.18 mm) diameter Pyrex 

sphere; impact velocity, 7.1 km/sec. 

Figure 14.- Post-shot view of the macroscale model of the f a i r y  cas t le  

s t ructure  i n  the ejecta-collector tank. 

Pigcre 13:- Mnss-si7e distributions f o r  the e jec ta  groduced by the 

impact with the 3-mm (nominal) grain ta rge t .  

Figure 16.- Mass-size distributions f o r  the e jec ta  produced by the 

impact with the pumice ta rge t .  

Figure 17.- Mass-size distributions f o r  the ejecta  produced by the 

impact i n  the  0.5-m (nominal) grain ta rge t .  





a! 
0 

I 
II 
c 



+. cu 
I1 c 



t = O . I  

t =  1 . 1  

t = 55.8 .' 1=839 

Figure 4. 

t 0.4 

t=2 .  5 

t=27.8 

1=112 0 

A-31707 

NATIONAL AERONAUTICS AND SPACf ADMINISIRAllON 
AMfS RESEARCH CENlER, MOFFETI FIELD, CALIFORNIA 



7 

1.41 5 

t = C G  t.0.1 

t =  2.: 

1 - ,  
I -- '17.6 

A-31708 

NAI IONAL AfRONAUTICS AND SPACf ADMINISIPAIION 
AMES RESEARCH QNTER, MOFFETT FIELD, CALIFmNIA 



t=2.3 

t=6.4 t=  13.2 

1.26 9 1.54 I 

F igure 6. 

1.9513 

A-31709 

NATIONAL AERONAUTICS AND SPACE ADMMISTRAAON 
AMES RESEARCH CENTER. MOHm FIELD, C A L T m N I A  



Figure 7 .  A-31710 

NATIONAL AERONAUTKS AND SPACE ADMHISRAlION 
AWES RESEARCH CENTER. M O R n l  FKLD, CALIFORNIA 



A-30257 Figure 8.  

NATIONAL ARONAVTKI AND YACE A D M M m ~ l t O N  
AMES RESEARCH -. M- FEU), CALIFORNIA 



A-31578 

A-31588 
Figure 9. 

NATIONAL AHONAUTKS AND SPACE ADMH1STRAlK)N 
AMES RESEARCH C€NlER. MORm FiflD, CALCUNIA 



A-31590 Figure 10. 

A-31335  
Figure 11. 

NATIONAL AERONAUTICS AND SPAQ A D M W I S l R A l D N  
AMES RESEARCH CENTER, M-FEll FKLD. CALFOPNIA 



A-31337 
Figure 12. 

A-31585 
Figure 13. 

NATIONAL AERONAUTICS AND S C A Q  A D M H I S T R A ~ N  
AMES RfSEARCH C E N l P .  MWFETT WLD. CALIFWNIA 



Figure 14. 
A-31587 

NATIONAL AERONAUTICS AND SPACE A D M U I S R A l O N  
AMES RESEARW CENTER, MWFETT PKLD. CALIFORNIA 



0 a 
u) 

n 

E 

n 
u) c .- 

I f  it---- 
- 

- c  a t  

O 
0 
0 

.- E -  

A 

I I I I 
cu 
0 - 0 - I 

0 - 

- E  
b E  

c 
- 

a 
N 
v) 
.- 
c c 

N E  I 

O F  
- L L  

I 
0 (u, 

0 
I 



c 

I 

G G  
N 

c c a 
m 
E 

% E  - 



(u 

0 

M 
0 - 

cu 
0 - 0 - 

I I I I 

A I 

.- 
Q) " E  
C O  

L L U  c .- 

l n o  

I I i 1 
0 - 

- 
b 

I 
0 

Y -  
O 


